Study Design. In this investigation, a new concept of a miniature, bone-attached, medical robotic system for spinal operations is presented. As part of the design parameters of the robot, the forces and moments applied by the physician during insertion of Kirschner wires to soft tissues and drilling in hard tissues were examined. A theoretical model for the expected error of the robotic system due to the applied force has been derived and verified experimentally. The results of a clinical experiment that was carried out on a cadaver support the theoretical model derived and the miniature, bone-attached, robotic concept.
Computer integrated surgery is a relatively new operational concept developed in recent years. The basic idea behind this concept is to let the physician navigate his way during surgery in a virtual world presented on a computer screen. 1 The virtual reality presented on the computer screen is usually derived from real anatomic data provided by a preoperative CT or MRI media of a specific patient, or by intraoperative fluoroscopic images. In most computer-integrated systems, the surgeon maneuvers the surgical tool in the real world while the tip of the tool is presented in the three-dimensional virtual world on a computer screen. In this way, the surgeon is provided with real-time information regarding the location of the surgical tool relative to the patient's anatomy. However, there are still a few drawbacks to these systems. The main ones are as follows: the need for a dynamic reference sensor to follow bone motion, in realtime, that monitors patient's motions, the need for optical or magnetic sensors in the condensed operating theater which track the operating tool, and the fact that the operational procedures still depend on the precision and accuracy of the surgeon's hand. Researchers [2] [3] [4] have shown experimentally that even skilled ophthalmological surgeons hold a tool, still, in an interval of 0.32 mm when asked to hold it still (maximum value about 0.5 mm), and achieve the accuracy of about 0.8 mm when asked to follow a path (maximum value of 1.33 mm) 5 ; for unskilled people, the values are higher. 2 These data stress the need for an accurate and stable robotics system which closes the loop between the navigation systems and the actual operation acts by guiding the surgeon during operation, or performing, actively, the operation task.
Several researchers have investigated the advantages of robotic systems in surgery. Kazanzides et al 6 compared the cross section of manually broached implant cavities with respect to robot milled cavities in hip replacement surgery. The results of this research stress the accuracy of the robot performance compared with the human hand. Kavoussi et al 7 compared the performance of a human and a robot assistant in manipulating a laparoscope. The results of this research emphasize the superiority of the robot on the human hand in terms of precision and steadiness. The clear advantages of a robot over the human hand led several researchers to develop robot manipulators for surgical applications. The first known robot was the Robodoc, which is being used to bore the medullary cavity of bones for hip implants. Other robotic systems in the market are CASPAR, 8 for hip replacement, URS AESOP, 9 for endoscopic camera support, EndoWrist, 10 ZEUS, and Davincey for remote manipulation. 9 More available medical robotics systems are the Neuromate used for endoscope/catheter guidance, 11 the MKM used for microscope support, 12 the SurgiScope also used for microscope support, 13 and others. 5,14 -17 Observing these robots, one can detect that most have the common structure of robots with large work volume relative to the task at hand. Hence, they are somewhat bulky and heavy (weight several tens of kilograms). Moreover, they too need some kind of a dynamic-referencing system to compensate the movements of the patient during operation (e.g., breathing). These relative drawbacks of current available medical robotic systems motivated us to develop a miniature, task-oriented, boneattached medical robot for spinal operation.
We choose spinal operations as candidates for our robotic system mainly because these procedures are very complex, require high accuracy, and have a relatively low success rate (70%-90%). We acknowledge that this low success rate is first and foremost affected by misunderstanding of the disease and its indications, resulting in bad selection of patients. Yet from the technical point of view, the low success rate is also greatly affected by physician's lack of experience in spinal operations and the complexity of the spinal anatomy. 18 -25 In this investigation, we use a new concept of a boneattached miniature robot, especially designed for spinal operation. The robot is attached to the spinous process of the operated vertebra and guides the surgeon to selected anatomies in the vertebra (Figure 1 ). The robot navigates after being registered to a three-dimensional model of the spine, constructed from CT, MRI, or fluoroscopic data of the patients' anatomy. The threedimensional model of the spine is constructed in a preoperative simulation stage where the physician simulates the actual procedure on a computer screen and plans approach directions to the desired anatomies (such as vertebra body, disc, or pedicle) while avoiding delicate organs such as nerve roots, vessels (seen in MRI), and bony structures. In the operating room, the robot is attached to the vertebra and is registered to the computer model, which was built in the preoperative stage. Once registered, the robot can be downloaded with the approach directions and can guide the physician to them. The advantages of this concept over the known navigators and robotic system are as follows:
1) The outcomes do not depend on the surgeon's precision because the system guides the surgeon actively during the operation 2) There is no need for a dynamic referencing sensor because the robot is attached to the operated vertebrae and, hence, moves with the vertebrae as one rigid body. We would like to stress that attaching the robot to an osteoporotic vertebra is not trivial; hence, we exclude such cases and do not address them with our system.
3) There is no need for frequent real-time fluoroscopic images taken during the operation; hence, there is a significant reduction of exposure to radiation for the patient and the physicians 4 ) T h e p r o c e d u r e s c a n b e a c c o m p l i s h e d percutaneously.
5) The system is very compact and does not consume operating room space.
The robotic structure presented in Figure 1 is known as a parallel robot (historically known as Stuart-Gough platform, named after its inventors). The robot is composed of two platforms connected in parallel by six linear actuators capable of changing their length ( Figure 1a ). While changing their length, the moving platform can achieve 6 degrees-of-freedom (DOF) (three of translations and three of rotations) with respect to the base platform. For those dealing with robots, parallel mechanisms are well known for their many advantages. They have high nominal load/weight ratio because the load, which is carried by the moving platform, is almost evenly distributed among the robot's limbs (actuators). This character results in a relatively small and compact structure. Furthermore, in most structures, the stress in the limbs is mostly traction-compression, which increases the rigidity of the structure. Parallel manipulators are also well known for their accuracy and repeatability; this is because the limbs are connected in parallel, not loading the former (in contrast to serial ones). Furthermore, their high stiffness ensures that the deformations of each of the links are minimal; consequently, this feature greatly contributes to the high positional accuracy of the manipulator. Considering these advantages and based on previous experiences, which stressed the inherent advantages of these structures for medical applications, 26 we chose to introduce this robotic structure to orthopedic surgeries.
In order to design such a robotic system, several design parameters should be defined. Precise definition of those parameters has a tremendous effect on the type, size, weight, and structure (mechanical strength, motors, sensors, etc.) [27] [28] [29] [30] of the robot. In a previous work by Wolf et al, 31 the workspace of a robotic guiding system for spinal operations is defined. The present investigation presents experimental measurements of the forces acting on the robot during Kirschner-wire insertion to soft and hard tissues in a sheep and cadavers. Based on the measured forces, the accuracy of the mounting method for the robotic system is examined analytically and experimentally. Moreover, a theoretical calculation of the total error of the system is presented and verified experimentally. The results of this clinical experiment support the feasibility of the system.
Methods
Force Measurements. In this part, the measurements of the forces and moments applied by the physician during K-wire insertion to soft and hard tissues of both a sheep and human cadavers are presented. The forces and moments were measured experimentally by using a 6-DOF force sensor capable of measuring three forces and three moments. The mounting system of the force sensor is composed of two K-wires fixed into the spinous process of the operated vertebra (Figure 2 ), and the measuring device is attached to the two K-wires by mechanical means.
Results

Force Measurement Experiment in a Sheep and Human Cadaver
A force measurement experiment was carried out on a sheep and a human cadaver in Rambam Medical Center, Haifa and Carmel Medical Center, Haifa, respectively (Figures 12-15) .
During these experiments, the maximum load applied by the physician during K-wire insertion during three modes of action was defined. The modes are as follows: a) Inserting the K-wire by hand, in soft tissues, until contact with the vertebra 
Experiment Held on a Sheep Cadaver
Example of the forces and moments measured are given in Figure 3 and summarized in Table 1 : Figure 3 presents an example of the forces and moments measured by the force sensor during an experiment held on a sheep. Observing the data, one can detect that Fy is negligible relative to Fx and Fz, which are the dominant forces during K-wire insertion in all phases; the same pattern was observed in all experiments. The results of all the experiments are summarized in Table 1 . In this table, the mean and maximum values of the measured forces and moments during the experiments are given. It is worth noting that during the first 6 to 8 seconds the moments and forces developed are relatively small and are of the order of Ϯ 3 [N] and about 100 [Nmm] . This load is caused, mainly, due to K-wire insertion through the skin and muscle layers. After this phase (about 3 mm in tissues), the soft tissues are assumed to act as a guide and prevent significant movements of the wire.
Experiment Held on a Cadaver
Example of the forces and moments measured are given next:
Given in Figure 4 is an example of the forces and moments measured by the force sensor during K-wire insertion phases in a cadaver. The same pattern was observed in all experiments. Observing these graphs, one can detect, again, that Fy is negligible with respect to Fx and Fz. These results are summarized in Table 2 where the mean and maximum values of each force and moments are given.
Methods
Deflection Analysis and Estimation of the Expected Errors.
Taking into consideration the data provided by the workspace analysis of spinal operations, 31 a model of the robot and the beam attached to it were designed, built, and evaluated experimentally. In this article, we develop a theoretical deflection model and expected errors of the total system. This model assumes that the total deflection is affected only by the deflection of the beam and the two K-wires attached to the operated vertebrae (Figures 1, 2) . The purpose of the loading-deflection experiment, which is also presented in this article, is to confirm the model and the basic assumptions taken.
Observing Figure 5 , one can detect that the total deviation (dy T ) of the mounting system, is composed of two deflections: the K-wires, denoted by (dy b(r) ), and the beam itself, denoted by (dy b ) (assuming that the spinous process in rigid).
The deflection of the two K-wires resulting from the moment applied is given 32 by:
Where M represent the moment applied on the K-wire due to the beam's self-weight and the force F applied on Figure 4 . K-wire insertion to soft tissues of a human cadaver by drilling (example). Where F is the normal force applied on the end of thebeam (by the surgeon) and W b is the beams distributed force due to its self-weight, given by:
Using triangles similarity, one can define the deflection of the beam (Figure 6 ) due to the K-wires as follows:
The total error deviation dy r in the entry point to the vertebra body is given by (Figure 7 ):
Where:
where L k is the length of the K-wire inserted measured between the sleeve and the vertebra. Assuming small angles, the total error in entry point to the pedicle is given by (Figure 8 ):
Results
Experimental Simulation An experimental model of the robotic system was built and the load-deflection relation was examined by applying several different loads on the structure. The experi- ment is divided into two parts: in the first part, which will be addressed as "lab test," the structure is loaded with known weights which simulate the applied force F. Meanwhile, the deflection of the structure is measured by a micrometer. In the second part, which will be addressed as "robot test," a 6-DOF parallel robot applies forces, which are measured by a 6-DOF force sensor, attached to the end of the robot. Meanwhile, the robot's encoders measure the deflection of the structure. The experiments and calculations are performed twice both for a 2-mm and a 2.5-mm K-wire. Both experiment results are given in Figure 9 . Also given in Figure 9 are the theoretical-calculated deflection given by the model presented in Eq. (1) to Eq. (7). One can detect that both experimental results agree (for both K-wires diameter, D) and they also converge with the theoretical deflectionmodel. Moreover, the results support the basic assumption that the total deflection is not affected by the deflection of the bone itself, and the spinous process could be considered rigid since bone deflection has been neglected in the deflection equation. Now that the theoretical model of deflection has been verified experimentally, one can apply the values given in Tables 1 and 2 , which describe the applied load during operation, into Equations (1) to (7) to obtain a total expected error from the robotic system. Applying these numbers, we get that the expected dy T for vertebra body or disc entry points is about 0. 
Method
Clinical Experiment With a Robotic Model on a Human
Cadaver. In order to verify our preliminary results and assumptions and to validate the feasibility of the medical bone-attached mini-medical robotic concept, a clinical experiment was performed on a human cadaver. This experiment was performed under a CT to allow an accurate estimation of the results.
Based on predesign parameters such as the forces applied by the surgeon during K-wire insertion and the operation workspace defined in Wolf et al, 31 an experimental model of the robot was built. The model simulates the robot and is capable of moving in 4 DOF (needed to define a line in space), three of rotation, and one of translation. A guided sleeve is attached to the end of the model, through which a K-wire can be directed to a preselected anatomy in the spine. The entire experiment was performed percutaneously using a CT scanner for guidance and results evaluations. During the experiment, two K-wires were inserted into the spinous process of each of the lumbar vertebrae (L1-L4), the robot model was attached to each couple, then using CT scans the location and orientation of the sleeve were calculated to guide the K-wire both to the pedicle and the vertebra body of a prechosen vertebrae. Following the insertion procedure of the K-wire, the location of the wire was identified using the CT scanner and the total deviation of the tip from the predesigned location was evaluated and compared with the predicted deviation. Figures 10 and 11 are examples of CT scans taken during the experiment. Figure 10 describes the preplanned path for a K-wire insertion to the pedicle of L4, and in Figure 11 one can observe the tip of the K-wire after insertion. The measured error is 1.05 mm. More results obtained are as follows: 0.67 mm for L1 pedicle, 0.74 mm for L2, and 0.82 mm for L3.
Discussion
This investigation presents a feasibility study of a miniature bone-attached medical robot that verifies the concept of attaching such a robot to the spine. The mini robot is attached to the spinous process of the operated vertebrae by mechanical means, guiding the surgeon, during operation, to selected anatomies in the spine. As part of the necessary design data for the mini robot, the load that is applied on the robot during operation was measured during clinical experiments. The clinical experiments both on a sheep and human cadavers indicate that the robotic structure should be capable to withstand a load of 10 [N] which is, typically, exerted by the surgeon during operation. A theoretical model of the expected location error of the robotic system was derived and verifi ed experimentally.
In another clinical experiment, a 4-DOF robotic system was built (Figures 16 and 17 ). The robotic model was attached by two K-wires to the spinous process of human lumbar vertebrae; then, a given force was applied on the structure and the deflection of the system was measured and compared to the theoretical model. The results agreed with the theoretical model. Moreover, applying the theoretical deflection model to the forces measured during spinal procedure estimates a total location error ranging from 0.8 to 2.4 mm for disc and vertebrae body procedures and 0.37 to 1.4 mm for pedicle procedures. These results are valid for commonly used Kwires; however, these results strongly depend on the material of which the wires are made.
A second experiment was performed on a human cadaver. This experiment was carried out under a CT scan; thus, the results could be examined and evaluated postoperation. After attaching the robotic model to the vertebrae, K-wires were inserted to preselected anatomies in the vertebrae, followed by a CT scan for error evaluation. The results obtained support the theoretical model developed, and the location errors were within the predicted rang, which is within the allowable mistake. These results support the feasibility of a mini bone-attached medical robotic system to be applied in spinal operation. An actual miniature bone-attached robotic system has beenbuilt and is under development by 
